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‘1’cr cfxaminc. lhc 10llg-pCtiOd variallility of lhc Gulf Stream sea level rcsidaals relalivc [0 a (wcr-

ycar man sca level in lhc Gulf  Strc.an) downshc.am of Cape }Ia[tc.ras (bc.lwcm ‘75”W and WW

lwlgitu(ic) arc used. Rcsiciuais,  as (ic.rived fronl (icmat  ai[imctry Mwcm 11/86 awi 1 ?/88, were

gri(id~d ill space. and [imc. at a tc.mprmi rc.soiu[icrn of 10 days and si]atiai rcsoiutirrn of 1/4 dcgrcc.

Collli)icx c.nl])iricai orthogonal fut]ctio[l (CEOl~) anaiysis wm applied LO the [iata set to CXIML tim

sl~atialiy  cmmiatcd sifylai witil the originai data subsan@d  to 1/? dcgrcc.  in aci(ii[ion to dctcnllining

tiw si)acc-tirm scaic.s  and prop: igation  charactc.ristic.s of the diffc.rc.nt modes, wa}’c.rlll[ll~. r-frc.quc.llcy

slrccmri trxhniquc.s wcm used to sc.i~arm the. variability into propaga[iug  and stationary c.onlimc.rws.

‘i’hc 0 iOF trxhniquc appiicd to the. data set indic.alcd thal the fm[ four W(N I’ modes accormc.d  for

60% of lhc. variability and wc.rc fmmi to bc above the. noise lcvei W% of Um time.. CDX31~  1 was

associa[cd with wcs[war(i propagation at 5 kndday at a wave.icngdl c)f 2(WO km and c.astwmi

propagation al 1-2 knl/day c.c.ntcmd al a 500 knl wavc]c.ngtil. I’his firsl ~[toII’  is in g(XK] agree.nlc.nl

with ttrin-jc.t cquivalc.nt barotropic modcis  wilich prcdic.t wcslward propagation for wavelengths grca(c.r

tilan 1130knl. A dc.ilcclion of tim wave.-likc. pallc.rn al 6S0W aiso indicams a possibic to~mgraphic

c.ffc~[. A sinlidc scaiing of [hc cffc<l of toiwgraphy indicates that for lcnglil scales iongc.r than ti]c

intc.nlai Rosshy rddius of dc.formation lhc trqx)graphic lcm is at icasl of the. same. order of nlagnihrdc

as the I\c.ta cffc~.t. ‘l”hc sc<.oad C1\OI; was nmc. bmad-bandcki in wave.nu[llbcr space. with caslwrmi

propagatim occurring in a wavcr]ul]lbcr- frcqucmcy band bctwcc.n  NOkn}- 1400kn] and 0.5 c ycics/year

-2.0 cycic.dycat. I“hc. tilird CiiOF’ is sirriiiar in strac.lure. to the first, but wili] ic.ss energy. CMN; 4

was cicarly identifiable w’ilh higimr frc~uc.nc.ics than lhc. firsl three with wc.slwar[i  propagation al

4 knl/day. ‘ihc. spatiai iocation of this mode. aiong with lhc. westward propagation indicate.s pcrssibic.

infiucncc.s from c.ddy/Strcml  i[llcrac[iorls ‘I”hus iopograpily,  Rossby wave dynall]ics, and cd(iy/Strcarn

in[mwlions, aii a~~pcar to have a significant role in dc.trmninirrg lhc, space.-tinm scaic.s and proi)agalion

propcrtic.s of the iong-pc.riod rc.sponsc of srxr lcvc.1 in the. (iuif Stream.
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1, Introduction

q’hc purpose of this paper will ix to use sea lcvct obsc.rvalicms  niadc by the (imsal  altintclc.r in the.

re.gionof the.CiulfShcanl dow[]stmalllof  Calw IIalhms  (sml~igurc 1) [oc.xalllitlct tlcslJacc.-tinl c.. wales

and propagation propcriicsof  lhc. long-period variability. Previous papc.rs have shown that in [his arc.a

wtc.llitc. altin~c.(cr otmc.rva[ionsof  sea lCVC.1 arcuscful  in siudyilig the.Gulf Stwam (Ctm.ncy,  1982; I~u c.t

al,, 1987; Kcllcy,  K,A.  and S.”1”. Gillc,  1990; Vazquc.z et al., 1990; Y,totl)icki, 1991). in the. area

downstream of Cape }Iallc.rtisthc rcqmscof  sca lc.vcl at lhc.sc long periods is influcncc41 twit) by the

nlcandc.ting of the Srrcam and change.s in Slrcanl transport, Kc.llc.y ami Clilic. (19(90) showed that the.

annual c.yclc for the give.n arm duriilg titc. Gcmat cxaci mission appears [o have a rrmxin]unl in lim l~ali

and a nlinimum inthc  Spling. Inaddilion mtrms~mr( variations and lhc. rnc.andc.ringof the.Guif Strca!ll,

eddy/Strc~rll intcractionsshould havcan  iilfluelmc.on .sca lCVCI ai.so. Rcccmt nmdcls lc.rrd sornc.insight

into liw rcsl}onsc of sea IC.VCI al the almual period and probatdc causes for liw observe.(i ]ong-period

rc,simrmof scale.vc.i  varia[iw}sdow’llslrcal]l  of Ca]rcl Ia[[c.rw.

}’rom noniincart hcmybasrxton  quasi-gMMtrophy,l hcrcsltonw.  of sc.a lCVCI at thcarlnual period

shouid trc in the, form of baroclinic  Rossby waves (}lcrrmann and Krauss,  1989) with a locai

Collcciltratioll ofcllc.rgy ill thcare aof thc(iulf Strcanl asil Icavc.s tilcc@”isl off  CaIwlla[lcras.  ‘1’husin

the area of the. Gulf !Nmrm, lomg-period variability around the. annual c.yclc should M inftucnc.cd  by the

pro]~agation  of these Rossby Wave.s, ‘the. baroclinicily  of lhc. Gulf Strc.arn ai~pc.ars  LO be inlimrtant ill

determining the pha.sc  of the amual cycle sirm Grcatbatch and Cioulding (1989), using a linear wind

driven barolropic  model, were ab]c. to rcproducc the phase c)f tmnsport variations in the Fioricia Stmits,

but were unatdc to account fc}r the. annual cycle. of transport in the Guif Slrcam ob.served by }Ialkin and

Rossby (1985) in the region downstrean~  of Cape }Iaucras. I’hc exact nature. of the. annuai cycle in

s.urfacc trarrspori of the Gulf Stream as it IMvcs the coast of Cape }Iattc,ras is s[ill a point of sornc

conkovcrsy, with a rcmnl paper by Kc.llc.y and Gillc (1990) indicating a possible. high in the. Fall and a

low in the. Spring. Ilariicr  papers by }~u cl ai. (1987), Worlilinglon (1976), and F’uglislr.r (1972.) appc.ar

to indicate a n]aximum in transport in [hc late. wintc.r, early spring tinm frame and a minirmrrn in early
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fall, An annual cycle in the. Strc.am displaccmcnl,  associamd with lhc Wrnspor( variability, is c.vidm(, w+

was poill[ed OUI by q’raccy and Wa[[s (1986). lhrrs, idcmtification of the annual cycle in trirllspori from

sca lcvc.1 rc.si(tual data alrm is diffmrlt  silm variatimls in Strcanl posilion c. ffcct lhc. sca lcvc.1 sigliaturc

also. None.the.]css, in the. paper by ‘1’rac.c.y and Watts (1 986), intc,ranllual  variability was e.vidcn[ also,

indicating a possihic c.au.sc for lhc discrc.paiicy  ill rcmrlL$. “1’o clearly idcmtify (k rlmall annual cycle, a

linm scric.s cx.lcrtding over scvc.ral ycms is nmmary. in this rcslwzt the Iixact Re.peat hlissio[l (Iitthl) of

the. Gcosat al[irnc.tcr dots nol provide. an ideal lime. series to study the annual cycle. of sc.a lc.vc.I

variations, but rmc,thclcss can provide, a unique opportunity for comparison of m-lain  s]jacc-tinle,

propcrtks of the lorlg-period response with previous observations and models.

Anothc.r possible. source of .sca ICVC1 variability al long pc.riods in the give.rl area is ctuc. to

eddy/Strcalll illtcractiom. lkcda (1981), using a twcj-layer qumi-gcostrophic  model, concluded [hal ii was

a conlbirratiort of baroclinic  instability, along with lhc bcla affect, that was ncmssary for eddy forn~ation.

“l”tic vic.w thal baroclinic inslahilily, arrd thus that pcmntial cmc.rgy, is the primary rmc.rgy source for

meander growth was challc.ngcd by Plic.rl c1, al. (1987), but no cmrclusivc c.vidc.ncc was shown for eddy

dc.tac.hnmrt, although Rossby wave. radiation away fronl the barolropic jcl was evident. An advarw+gc of

h FIicrl mode.1 is the. inclusion of what is dcscribcd as a psc.trdo-spcclm  while lhc lkeda mode.1 is valid

for only onc frqtcncy. ~’bus, lhc Flied rnodcl includes possildc. nonlinear Cffccls duc 10 energy cascades

while, the, lkeda model dots not. Mode.ting the, Gulf  Strcanl using a picmwisc uniform potential

vorticity, Pratt and Stmn (1986) wc.rc. able LO c.xarninc the d ynamic.s  assoc. iatcd with eddy dctachmc.nt for

diffcmnt meander an~plitudc.s. In a later sh]dy Stml and Flicrl (1987), using baro~opic  models, wc.re. able.

to rcproducz  a wc-slward propagation tcndc.ncy as eddies, which were treated as point vorticilic.s, intcraclcd

wilh the. front. Rcsulls will bc compared with the. !ltcrn and P’lic.d model, cspc-cially sinc~ wcslward

phase, ]mopagalion is obsc.rvcd in an area of known eddy/Strcan~ ink?raclions. in addition 10 ltrcsc

coll]llarisons an equivalent barotropic  thin-jc.t mcdc.1 (1-1/2 layc.r) dc.rived by Cushrnan-Roisin cl al.

(1992) prcdicls a critical wavclcng[h where. the wcs[ward propagation tendency associated with Rossby

waves is balanced by the. advc-climl of the jc.t. A comparison will bc made bc.twccrr the critical
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wavc]cngth  pmdictcd  from this nlodcl and the propaga[ icm tcndcncic.s  observed from [trc Gcmrtt dcrivcxl

sea ]cvc.1 wavcrlun]k~-f~’quc~lcy  spcrtra

To identify tfm cssc.ntial  space.-timc. scale.s and propagation propmic.s of the long-period response

of sea ICVCI, cornplcx rmpirical orthogonal function (C1{OF) analysis was applic.ci to the .sanm data set

used in Vazqucz c.t al. (1990), where.by IWO years of the (icmal  exact repeat nl ission (I{RM) is used 10

construct an army of griddc.d sea Ic.vc.l tinm .scrics  in an area bounded by 35°N to 43° N in lat itudc and

7SC’W [o (iflOW in lrmgimdc. ‘]”hc. gc.ogrtildlically corrclalc.d signal is then c.xtraclcd via the CIK)I’

analysis. Wavcllurlltwr-frcqL]c.licy  sprxlral techniques arc them applied to the. cxtrirctcd geographically

comlatcd signal to quantify the tinw-s~~acc scales and propagatim  propcrlic.s of the. Iong-period variability

in the rc.gion.
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~’hc. data set used in this study was the. same as that mcd in Vaz.qum  c.t al. (1990). I’m dc[ails on

the Imcc.wing of the. Gcma( data as well as (k crcatiml of lhc. s~)atially ancl tclujxml]y  interpolated .sca

km] residual n~al~s .sm Z,lotnicki c.t al. (1989(a,b)), Ilorn cl al. (1987) and Vaz.qucz.  cl al. (1990).

Aftc.r inilial procc.ssing of data fronl the GcmaI c.xiwt rcpca( mission (Nov. 1986-  I)cc. 1988) LIIC.

data was intc.rpolatcd io a regular grid in space and tinlc using a succmsivc  c.orrcclicm x.hcmc (Bratwth,

1986). ‘l?m sctrcmc is an itcmtivc pr~.cdurc wlrcrctty the ilwcrjrolatcd values co~lvc.rgc. to the. data values

aflcr each successive. itc.ml ion. l’hc. wc.igtlLs involved include. a Gaussian function in the linlc. domain

and a Crcmnlan function applied in k spatial domain. q“hc. c-folding time scale for the. Gaussian was

chcxscn at five days and was tmcd  on a bc.sl fit .scc.nario  of intc.rpolalcd valrm  m the data. I )iffcrcnt

s~tadal scales were used for each itmrtion, ranging fronl 1.2S dc~rc< fbr the flrs[ iicration to 0.5 degree

for the, las[. ‘Ibis formal smaller wale.s m comcrgc. for each succmsivc ilc.ration. U’hc sj)atial window is

c.ho.scn to incluric both poinl$ casl ad WCS( of a givc[l track (see Va7quc% c1 al,, 1990).

‘ibis srroxssivc  correction schcnm, with lhc appropjia[c wcighl$, was used to gcmcralc a dala set of

ten-day maps bcl wcm Ikxcnlbc.r ], ] 986 and Novcmlbcr  ~(}, ] 988 al a ().2S0 ]a(ihidilk?] and longitudinal

rcdulion for the area bCLWCCJI 35°N to 43° N and 7S0 W [o 600 W (SCC. F’igurc. 1). Thus, a two- yc.ar

lilnc ,sc.rics of sca lCVC1 rc.si(iual (.sca lc.vci with two-year mean rmmvcd at each grid point) was availatrlc

al each grid point (x,y) with longihrdc “x” and latitude “y.” ~hcsc 74 maps formed the datatmc for our

CI 0: and w’avcl~unllw.r-f  rcquctlcy  anai ysis, whereby the CIIO1; anai ysis sc])aratcd the data inlo

unccrrrc.la[cd  mode.s of variability and the wavenunhc.r-frcqrcricy anatysis was appiicd to idcmify the

spam-time scaic.s and propagation propc.rtic.s of the.sc nmdc.s.
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3. Complex }loI’”  analysis

‘1’he, m~}miquc. of C’1{01~ (Ckmplcx }’,mpirical Orihogorurl ~~unction)  analysis separates data il)to r~iodcs

of variability whc.rchy c.ach of the mocks is orthogonal and rri]corrc.late.d wilh o[hcr nmdcs,  LJnlikm rc.al

IiCH~s, where each mode rcprcscnts a stan(tillg wave. pattml,  Cl{OI~s can rc..solvc. propagating waves. lior

dc.trrils on the. (liO}I’ tcchniquc, .SCC }lorcl (1984) and }laruc.tt (1983). In the (iulf Stream dm decision to

apply [XOTFS ins[cal of rc.al IiOlk is apiwopriale  bccirusc. of the wave propagation associated with dm

mcandc.ring  of dlc. Strcal[l path. AM altc.rlla[ivc. is 10 uw rc.al liOI~s and conlhinc the standing mrXIC.S M

rcimscnl  traveling or prq~agaling waves, a sornc.wha[ rnorc rmrnplicatcd and arbitrary manrm of .sc.para(ing

the. variability y. Madmrnaticall  y, dm procc.durc of sc.paralion in C}101’S is sinlilat to real 1 iOl k (SC.C

1 mc.rw, 1956;  Anderson 1963; Stidd, 1967) cxcc.pt dial the [imc-avc.raged spa[ial covariancc  nla{tix is

formed using a complex tin)c series I II)(x ,y,t) (ser. Vazqucz, 1991) whc.rc the rc.al par[ is jusl the. tinic.

sc.rics al grid point (x,y)  while the inlaginary part is its }Iilbcrl  trallsfmnl in tirnc. ‘1’hus both the

cigcrlvcttor  I~l(x ,y) of [hc spatial covariancc nlairix and the tc.rnporal amplitudes ~’i(t) arc complex and

have an amplitude and a phase c.olll]mc.rlt. l’hc slope of ttrc spatial phase can bc irrtcrprc.lcd as a
A19s

wavc,]c,ngti~ since AO~ = kA x or [tic. wave.nuriihcr k = - while. the s101)c.  of the lc.mporal phase can trc
Ax

irltcrprctcd as an instailtarlcms frequency sirm AOt = (r)A[. Aldlorrgh useful, drcsc quan{itics can bc

difficult 10 intc.rprct whc.n cslirrlatcd ftonl noisy data. lot dc.tails and slrcciflc simulations done. using [hc

CXOF approachsccVw/~uc.z(1991 ).

To derive the spatial and tc.rnporal phaw inforlnatior], CIIOI: analysis was applied 10 lhc 74 nlaps

of gl i(tdcd rcsidurrl sca lCVC.I bctwcml I Wxmbcr 1, 1986 and Novc.rlltm 30, 1988. Ihc original 4 ~x~in( pm

dc.grcz data SCI was sutmamplcd to 2 points pcr (tc.gre~ of latiludc and longih]dc in order to rcducc the size

of the. spalia] cmariancc.  rnalrix ncmssary in the. CYOF calculation. The spalially c.orrclaicd signal in i}rc

area bc.hvcm 35°N and 43°N  and 75*W 1060” W (SCC I~igurc 1) was found 10 bc dominalcd  hy lhc first

four C’IiC)II’s. Ilrcsc first four GOI;S were fourid m c.xplain nearly 60% of dlc variability wilh lhc first

four mode.s accounting for 26%, 17%,, 9%, and 7% of the. total variance., rcspcctivc]y. A plo( of

cumulative pcrccml of variahili~y explained vc.rsus  nmdc # is showu in }~igurc 2. II is readily seen fllat

highc.r mode.s add Ii[llc varianm 10 the total variability, as the modal slructurc tmomcs  quickly
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rk.g,c.ncratc..  Ikgcncracy  in ilsclf is not a suffwic.nt  condition for statistical insignificarm  and thus sonm

Iypc of furthc.r analysis is ncm.ssary to dctcrminc.  the. significance of the.sc fcmr modes. A Mon[c-[:atlo

sinlula(ion (SW, Overland and l’rciscndorfcr, 198?) analysis was al@ic.d to dc.tcr[llinc. the. statistical

significarrcc of these rnodc.s (SCI, l~igurc. 3). ‘Ihc. simulation indicated thal the first four nmdc.s were above

the 99% ICVC.1 of sigrrificancc  with none of the random modes explaining more than 4.7% of lhc

variability.

h’igurc4(a,b)  s}~ows  the.tcrnlmtil anl]ditudc. and phase, for the flrsl ~liol~. l’or the. sake of

l)lot[ir~g ttlctcl]~~ral  atl]plitk]dc. tlasbcc[ld ividcdb ytilc.q uarcrmtofthctoml numbcro fgridpoints,

“1’lrc tin)c variation of this mode shows a rr)axillmm toward the fwst year of tbc FRM, Howcvc.r, without

cxarnining the. phase, this quantity by iwctf is difficult to irmrprct. “Ilrc frc~ucmcy at a given linw is

equal to the slope of the temporal phase plot al that [ilnc. During the first yc.ar of the Gcmat IiRM

(Ikxcmbcr  1986Novc.n]bcr  1987), the first C1OI” indicates that on the average a 1 cyclcjycar frcquc.ncy

was donlinan[.  However, slopes for the .smond year of the ERM  (I)cmnhcr 1987-Novc.n]bcr  1988) arc

associated with highc.r frc~uc.ncic.s. h’igurc S(a,b) shows the spatial amplitude pattern and phase for this

CYX3F’. }ior ]mrposcs of plotting the spatial ampliludc has bcm multiplied by the. square. root of the total

nunlbc.r of grid points. 3“hc. spatial amplitude of the flrsl CEOJI’ shows that several local maxinia  c.xist at

37°N,  74*W; 38°N,  67”W;  and 38C’N, 64°W. A nlaxinwrn also exists away from the Gulf Stream al

41°N and 69*W, ‘l”he spatial phase is meaningful only at lhosc locations where. the amplitude is high.

‘1’hc..sc areas arc. highlighted by shading in liigurc 5b. A disadvan[agc.  of CEO1;S is the anlhiguity and

poor statistics invo]vcd in dcfirring these maxima. Noncthclcss. Fi~urc.s 4 and 5 indicate that in those

areas whcm local maxima in amplimdc. exist, the. phase. in the along-strc.arn direction dots not change.

ral)idly, as the lines of constant ~Jha.SC arc pmrllcl (O the mcarr path. Of course, dismntinuitics exist at 00

mak irlg the, intcrprc.tation of the phase difficult

‘J’hc. tcm~Jmral  anlJ)litudc. and Jhasc plots for the second cigc.nnmdc  arc shown in F’igurc 6(a,b).

Rc.Jativc to the. first C! IK)I~, the. tcntJwral amplitude. has dccrcmcd by approxima(cly 33%. ‘Ihc. slope of

the tcruJroral phmc bc.twcm Dcombcr  1986 and July 1988 reveals a dominant 1 cycle/year frc.qucncy.

Bc.twcm Ju] y 1988 and Dcmnlbcr 1988 the phase behave.s in an almos( randonl J)attc.rm. ‘I”hc. sl)a(ial
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amplihrck and phase in F’igulc. 7(ajj) indic.alc local maxima cxis[ at approxirnatc]y  3’iON, 73*W; 39°N,

67”; 39° N, 64°W;  37°N, 63”W; an(i 42° N, 69°W. As an cxat[lplc  the. spatial phaw in two areas of

high ampliturtc has bcm hip,hlightcxt by shadil~g. q’hc sl)atial phase ill thcm areas show tha[ litlc.s of

co]]stant phase arc not as pmallcl to lhc Gulf Slrcam n]can path as is tk case will] lhc first (l{O1;,

suggestive of possible along-strcanl  propagation. In addition lhc. phase (ii ffcrcmcc bclw’cm thcm two

highs is approximatcty 180°.

I?m temporal arnplihrdc and pha.sc  for lhc third CI:.C)Ii arc. shown in };igurc 8(a,b), A nlaxin}unl  in

the tcniporal ampliludc of this 00}( occurs in I hmnhcr of 1987. Rcla[ivc to the scmmd 0[011’, this

nlaxinlunl  has about the sam nlagni(udc.. ‘1’hc slope of Ihc tcnlporal phase plol sccrlls to vary

corlsidc.rab] y during the two- yrar period indicatin~ the prmcncc  of diffc.rc.n[ frcqumcics in lhc. (:1 WI;.

]Iowcvcr,  the. first year of the. I’.RM for this CIiO1’  is associated with an average frcquc.rmy of 3

c.yc.lc.s/year. ‘1’hc. spatial a]np]imk and phase for this HK)}(, shown in Figure 9(a,b), irldica[c. scvc.ral

arnplitudc. maxima appear at 36.8@N, 73° W; 36.8°N,  68.SOW; 39”N, (ZiOW; 36.8”N, 61” W; and 40”N,

61 ‘W. As wi[h the .smond 0011’ the slope of the phase co[ltour lines (sm shadrd regions) indica(cs

alc~lg-strcarn phase propagation.

Showil in }~igurc 10(a,b) is the tcnlfroral anlJdihldc and phase for the fourth CIOI’. A nlaxinlum in

anqditudc  occurs in approxima[cly February of 198”/, “1’hc slope of lhc tcruporal phase is such that this

CM)}{,  on the avcmgc,  is awmciamd  with a frc@.rc.n~y of 2-3 cyclcyycm.  l;rom Figrrrc 11 (a,b) the spatial

shrc.hrrc. of this CIIC)}I’ reveals that nlost of the variance, is concc.ntratcd downstream of 65°W as WCII as

the. ability of the CWOF analysis to dctczt  regional patterns of cohcrcrm. A nlaxinltrrn in the. spatial

amplitude, of this (YOF occurs at 38”N, 63° W. An example. of an area of high arnplihrdc  has bcm

shaded in the phase plot (Figure 10h). 1,irws of corrstant phtiw. (con[ours)  in this area are. alnmsl Norlh-

South, indicative. of the. along-s[rcam  propagation of this rrmdc. Odlcr phase contours in areas of low

spatial ari~pliludc arc rr~caninglcss due. to the low cohcrcrm of the. c.stinlatc of the. 001/.

~’hc spa[ial phase. plots of these four CI;O](s bring out the difflc.ul[y in intcrpr-cling alrmg-stream

phase propagation. q’hc. uncertainty of the cstiruatc in areas of low spatial ampliludc, as wc.fl as

discm(inuitic.s  at 360°, Icad to problcm  of irltcrprc.tation of the rc]cvant slmcc-tin)c quantitic.s for a given
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001;. The prcrtdcxn can bc made. c.asicr by cxanlinalicm in sonw type of along-slrc.am cootdinam.,

reducing the. problcm to two dimensions instead of thrct.. III addi~icm, the. rcduc[icm 10 an along-sircam

coordina[c. syste.ru  allows for the. application of wravc.rlur[]k.r- frcqtrcr~cy  tczhniqucs which scparirm the

variance into wcslward propagating, eastward propagating and sla[ionary  componc.n[s.  l’his may bc

acmmplishcd by rccrcaling the spatially corrclalcd fihcrcd lime sc.ric.s for c.ach CYiOI~ and the.n averaging

and srrb.samplirrg spatially along the mcsn path of the Gulf Strcanl al 0.5 dcgrcc  longitude intc.rvals.

Gc.ncrtrlly since spatial highs in the CliOFs  follow the. mean palh of the Stream, the. awxaging

~mcwfurc used is a good rcprc.sc.n(ation of the. strut.turc. of the. 0.0}:s. } ]owcvc.r, as observe.d in the first

3 CI~,OI%, highs, do exist which arc. off.set from the. nwan path of the. Gulf  Stream. As an e.xanqdc the

sc<ond W,OI: }Ias highs at 37*N, 63°W as WCII m at 39*N, [i” W. As in the first CI{OI’,  the. phase

difference. across the Strc.am is ZIp~JK)Xhllak.]y 180°. 1 his phase diffcrcricc. may bc accounted for by the

drwivation of the sea Icvcl residual from the mean sea ICVC1  across the Strc.am (SCC I’igurc 12), Such a

calculation, dcpcndirrg  on the shape of the nwur signal. leads to a high on cm side of the Strcarrl and a

low orr the. other (SCC Kcllcy and Gillc,  1990). Although a good rcprcsc.ntaiicm,  the. alor~g-Stream

avc.ragirqz in the CWOI k will not rc.prc.sent North-South propagation in the 001S or cddic.s which rnighl

bc c.ohcrc.nt  with path displaccmwnls.

Ihc data sc.t that was used to dc.rive the mean path of the. Gulf  Stream was bawd on charts of Norlh

Wall positicms from the NOAA AVIIRR (lR) satellite infrared scmsors.  I’hcsc char~s arc distributed by

ttrc. Oceans Product Ckntcr/National  Occ.an Scrvicc. Branch of the National Oceanic and Atnlosphcric

Administration (NOAA/NOS/OIW). After digitizing the North Wall positions, a mean path bc.twefin

Ix<.crnbcr 1, 19S6 and Novcmbcx 1988 was calculated. ‘Ilrc cml y USC, of the AV}  lRR data in this study

wa$ in calculating the mean j)ath.

Mathc.ma[ically  the CliOI+’ filtered tirnc series over the spatial domain is then rccrcatcd by nrulliplying

tlm tcnqxmil part of the cigcnmodc with the complex cc)njugatc of the sllatial part. ‘lhc real part of the

rc.suiting e.xprcssion rcprcscnts the filtc.rcd tirl]c scric.s  for that CXIOJ~. llsing the. mean path data, an

average sca ICVC1 anomaly for the p,ivcn CTiol: linm series was calculamd over a 100kn~  x 100kn~  window

spannirlg the mc.an path of the Gulf Strcarlt at 0.5 dc.,p,rcc.  Iongitu(fc intervals. The rc.suit of this
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subsampling and averaging promiurc. is a longitude-tinm contour plot of sca level anomaly for each

CWOF. ‘f”hcsc results arc shown in F’igurc 13 for (:};O1:s 1-4, rcspcclivcly.

“]”tm flrs[ CliolI” is associa~cd w’i[h a quasi-statiorlaty pauc.m who.sc pauc.ra suggests a dominant

frc.qucncy of 1 cycle/year (SCI Figure 13a). Bc.twccn 75°W and 65°W arui day 846 to 1065, there is

cvidc.ncc for wc.s[ward phase propagation duc to the. ob.scrvatirm of highs in sca lcwcl anm]laiy at iatc.r

t imcs wiLh inc.rcasing upsLrcam  distalicc. An avc.rag.c.  siopc, and thus pi~asc sIwc4i on Ihc order of

5 km/day, nlay bc dctcrmincd  from the. line connecting highs at each tinlc. stc.p. A maximum of 38cm

occurs on day 919 at 63°W. ‘Ihc appearance of IWO cor[iplclc cycles during the two-year pcricd indicates

the dominance of the annuai cycle. A note.worthy feature, which wili  bc anaiyz.cd further in the

discussion sc<tion  in connection with the Nc.w Fmgland Sc.amounts,  is the. abrupt change in the shape and

direction of the conlours at 6S”W. “1’his quasi-stationary pattc.rn is consistent with earlier results

(}laiiiwc.11 and Moocrs, 1983) showiag a slanding wave in this region with a node at a~~proximatc.]y

“loow .

~’hc second Cl{Ol;  (l;igrm  1 M) is difflcui[ to intcqm.t as one. wave, but onc dots notice. a change. in

the. slope of the contour line.s at 66°W. 1 Iowcvcr, the. Itatkri] is too conlplicatcd  LO identify clearly wilil

onc dominant frequency or wavclc.ngth, aithough the ap~arancc of two complc.tc  cycle.s ia(iica[c.s cvidc.ncx

for the annuai  cycle. Ilrc. pattern appears to bc onc awcrciatcd with wave propagation both cast and wc.st

of appruximatcly 67°W.  The. ampiikrdc.  maximum of 24 cni occurs M.twcrn day 773 and 846 at 66° W.

‘I”hc. third ClOI~ (i;igurc 13c) contains rnorc local highs and lows than c.ithc.r of the fkst two CIKNis

suggc.sting that frcquc.ncics higher than 1 cycle./ycar may bc involved. A n]axin]um  amplitude of 28 cm

occurs on day 1357 at 60.5”W. A zc.ro lC.VCI in the. data appears al 67” W, indicating a change in lhc.

propagation properties of this CWOI’.

The. appcarancx  of scvcrtri highs and lows (Figure. 13d) in (tic. fourth CEOI+’ suggests also that

frcqucncics higher than 1 cycle/year arc present, A maximum anlplim(ic of 26cni appears on day 1138 at

63” W. Most of the variability y of this mode. occurs downsircam of 65° W, ‘1’hc. slope of the. line.

connc~ting highs at succc,ssivc.  times is indicative c)f westward phase propagation at approxima[c.iy
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4k11r/day. ‘l?re location of the variability of this iimdc in an area of knowrr cd(iy/Strcarrl intcraclicrns (sea

Ilalliwc.tl and Moocrs,  1983) will bc discus.scd further.

}’igurc 13c. shows the lorrgitudc-tim  Jdo[ fc)r the unfiltc.rcd data (before runrling [:};()}’ analysis)

avc.raged and subsamplcd along tbc. mean path in the same. way as the first four [:10;s. ‘Ihc dominanl

sigrlal fronj the. first O@P is dislingrrishablc.,  bul the. noisier plot dots not allow for idc.ntificatior] of flw

O[hCJ signals.  ‘1’hc advantage of USirlg the ~T}:[)I; as a fitlcr wili bcconlc.  nmre. evident in the licxt SCCtiC}Jl

as the w’avcrlunlh.r-frc{] l]c.ncy slrcclra of these lc~lgiludc.-tirlm p]oLQ arc. c.xanlirlcd.

in all cases, n]aximum amplimdcs  for LMC ~iiol~s  a])pcar to occur downslreani of 67*W. “l’his would

coinc.idc. with the increase in nlc.andcr amplimic  ob.served in this area by 1 lalliwe.11 and Moocrs (1983),

}Irtnscrr (1970), and ~ornillon (1986). {:orllillon poirits out [hat the c.xacl nature. of the, incrcasc., whcihc.r

linear or a step at the Nc.w F@and Sc.anmunts, is uncc.rtain. I“hc.rc. is nothing in the lonp,itu(tc-tinw ])lots

that suggc.sls a srnoolh linear incrcasc in residual sca IC.VCI anc)lllaly wilh downstre.anl d istance.

Noncthclcss, bwausc of the. onc spatial dimension the longi[udc-tirnc contours of residual .sca Icvcl

anomaly Iwovide an opportunity for application of two-dime.nsional wave.rurnhcr-frc.qucncy tc<.hniquc.s to

ohsc.rvc what part of the. variance in the.sc C: EOI:S is (iLIc to propagating cornponc.nts or stationary

cornponcnts.
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4. JVa\fenuI1~bcr-I~  rcqllclt]cy  Spectra

3’o determine the propagation and space.-timc charac[cris[ics  ofthc f]rst four ClO}I’  nmdc.s, two-

notation dc.velopd by Kao (1968), Tsay (19”/4), Hayashi (1971), and }’rat[

transform of a function 1 l(x,I) of longitude, (x) and limo (I) can bc de.fined as:

h h
Q(k,r@*2j /}l(x,t~-i@x+ o) L\lxd[,

4no o

(1976) the space-time Fourier

(2-8)

whc.rc “x” is the longiludc.coordinate with positive Ming eastward and ncgalivc.being wcs[ward. in an area

such as the. Gulf Stream wbcrc phase propagation is thought [o cxisl irl both lhc wcslward and c.astward

dirct.ticm, k two-dime.nsional wavcnumbcr frc.qucncy spczlrunl allows one. to separate the variancw  into

wcslward, camvard and stationary conlponc.nLs.

T’hc two-dimcmsional analysis used hc.re will idc.n[ify a$ propagating variarmc. (eashvard or westward) the

diffcrcmce. bctwcrm the variability due to eastward and westward propagating waves in a given frequency -

wavc,n~ln]~,r hand, “1’hc rc.maining variability, or that part of the variance. comnion 10 both waves, is

identified as stationary wave. activity, }Iowe.vcr, for this variability to bc a measure of true standing wave

~-livi[y,  the. eastward and westward propagali  ngwavc,sn~u slbc.c.orrclatcd intiwico rthccohc.rcncc  (y) bctwccn

ttw. twow’avc,s  rl~~]s[k. higti. }layaslli (1971)slK)M~s  tlwlfor tic. cd]crc.rlcc. k.lwrcz.n anc.aslw~ardalld  wcslward

I)ropagating  wave to bc high, the cohcrcnce bctwccm the tinw dcpcndcnt l~ouricr cocfficicrrts must bc. high.

‘lhus this cohcrcmcc (y) can bc used as a measure. of the statistical significance of the. stationary wave. activity.

~’hcrncasurcof  standing wavcrrctivit yisthcn dc.pcndcn[on this statistical significance. Oncadvantagcof

ap@yingtwo  -din] cmsional w'ave.nllni&-fr~  uc~y[cchniquc.s  k)tic~I~Ol~s  il]stcM oftiwmigit]al  [imcscrics

is the. spatial corlclation c~f the OiOI~s. I’husonc c.xiw<Ls  that cohcrcnccs  for Lhcsc modes should bc high.

}~orfur[hex &~ilsont  hcw.tcct)rtiqilc.sw &Va~.qllcz.(l99l). lr~allcaw.s, h. fmc. I~lrl”s wrcrccalcl]latcd, tile&m

wc.rc. cosine-tapered over ttrc first and last 10% with a linear trc.nd and bias takc,n out to remove, Lhc long-pcrioct

trend (Bcmdat ald Picrsol, 1971).

Iiigurc 14 contains tbc spwlral ploLs for the first four ~I~,OIk and shows what part of the total variance in

Ihcsc. ~IiC)}k  is associa[cd with propagating and stationary variance. ~’hc total variance for a give.n
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w’avel~un~hr-fr~uctlcy  hand would bc the sun! of the.sc two Componrml$.  AII the spear-al plots have bcc.n

snlcKJlhcd over threz frequency bands and lhrtz  wavcnumbcr bands 10 gain statistical cmlfidc.ncc. in [he.

cohcrcmcc cstin)a[c.s,  ‘lhc, smoothing was a running band average in both wavcl]~]n~twr-frcq[]crlcy  SIMCC, thus

individual .sjw. cLral cs[imakw arc not indc.jw.nctc.nl of c.ach other, Ihc. averaging procc.ss leads to 18 dcgrc~s of

frccdotn. 1 Iowc.vcr, c.ohc.rc.ncc.  csiimatc.s wc.rc bawd on 14 dc.grccs as smoothing was a]qdicd ovc.r only .scvcn

bands in the. frcquc.ncy domain (SCC I Iayaghi, 197 1; Pratt, 1976). ‘l”he convcntiorl used in Ihc.sc. plots is that

for propagating varianc~,  negative or dashed lines indimc  eastward propagation while. positive. or solid lines

ildicatc. wc.s[wtird propaga[icm.

‘1 “hc propagating variance in (WCW 1 (Figtrrc 14a) is scpara[cd into two dis[inct wavmmlbcr-frc~u cncy

bands. A wc.stward  propagating compormnt is cmltc.rcd  in a frequency band bclwcxm  0.S cycles/year -1,5

cycle.s/year and a wavc]c.ng(h of approximately 1400 kr~]. ‘Ihc cashvard propagating cornponcn[ is ItIorc tw\oar.l-

bandcd  with respect 10 wavclcngtll, with energy cxisling bctwczn 300km and 1400knl. ‘1’hcsc two peaks arc

not, howcvc.r,  statistically different at the. 95% lC.VCJ of confldc.nce.  l’hc.rc. is a c.onsidc.rablc  anlount of cnc.rgy

(approxirnamly  60% of lhc variability is associated with stationary wave aclivity and 40% ]wopagating) irl the

stationary wave spwlrrrnl (I;igurc 14 b), and as c.xpcclcd ihc, c.ohc.rc.ncc. of 0.98 is above t}jc 99% lCVC.I of

statistical significance (0.70) for 14 dcgrczs of frcrdonl.

The second CE;C)F (Figure 14c) appears 10 bc niorc trroad-banded in wave.number space with ctistward

pr crpaga[ing  variance cmurring in a band bctwcc.rt MOkm - 1400krn and 0.S cycles/year -2.0 c.yclcs/year. The.

stationary wave spcctruru  contains 70% of the total c.ncrgy wilh a cohcrcncc of 0.89. Chicc again, the

cdlc.rcncc is consistc.nt wit}l true standing, wave. activity.

‘1’hc third CXiOF (Iiigurc 14(c,f)),  like the, first, contains variance duc to both westward and c.aslward

propagating conlponc.nts. Structurally it is similar to the first Cl{C)}; excc.pt the energy is contained in a

frcquc.ncy band around 1.5-2.0 cycles/ycw instead of 1 cycle/year. Ihc, amount of c.ncrgy in the stationary

wave. siwarum and the propagating wave. s~xxlrum  is approximate.ty c.qually distributed (SO% each) with a

cohrxc.ncc of 0.98 indicative. of standing wave. activity. I“hc. redness of the. spectra for the first thrm CT.OFS

suggest that both intcrannual  and long-wavelc.nglh variability exist which is not being rc.solved by the two-

ycar IiRM Gcm.at dala W.L.
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‘1’hc spcctm for the fourLh (IiOP’ (I:igurc 14(g,h)) arc ml as red as lhc flrsl thrrx 00}$ indicating that

[hc two-year data set of sca level anomaly is sufficicn( to cornplc.lcly resolve diis ci~c.nmodc. Flrcrgy is

c.ontaincd in a band bctwccn 5001c111 - 700kn~ and 2-3 cycles/year. ‘I”hc positive sign of the propagating

variance spedrum implies westward phaw. pl-opagatiorl which is c.lc.arly cvide.n[ also in liigurc 13d (SCC slope

of line conncc[ing  highs). “1’trc. propagating variance spectrum accouilts for approxirnalciy 60% of the total

variance, v’hilt, the stationary wave spmtrunl, accounts for 40% of the total variance and has a cohc.re.llcc of

0.99.

Pigurc 14(iJ) shows the spectra for the. unfiltc.rcd sca level data (Figure 13c.), WCrdgCd  and sub.satnplcd

along lhc. mean path in the same way as Ihc, first four C%CN;s. Ihc propagating 5[Ht1’Llrl) is clearly dominated

by casiward propagation with westward propagation occurring only in a fcw bands ccntcmi al wavelengths

around 1400km. In a(idition, the cohc.rcncc for the. slat ionary wave sl)cctru[n is 0.25 indicating that even

though there is a siginficant amount of energy in lhc spectra, showing the prc.se.ncc  of both eastward and

wcslward phase propagation, the struionary spectrum (about 50% of lhc totai e.nc.rgy) does not rciwc,sc.nt  true

staading wave activity. These. rcsuits indicate how the CYKW anaiysis can behave effective.iy as a filmr,

making it c.asicr to inlcrprct a noisy data set. In addition individual CI;O}JS arc spatialiy cohcrc.nt, whicil

cxidains the high coilcrcmccs associated with the stationary spc~lra  in dlc. O{C)Ik and [he iow cohcrcncc.

associated wili] the. unfiitcr’cd data sol.

I“hc results prcscntcd here. show that even at ltm iong periods, the CiUlf Stream c.xhibiLs motion over a

wide mngc of wavclcrrgdls and lime. Altiiough the idcn[iflca[ion of lhc..sc waves with specific dynamics is

difficult bczausc of the complcxi[y  of ti]c Gulf Strcm) due. to high rc.lativc vorlicity, nonlinear tcrrns, an(i

possible coupling bctwccrr layers, a scaiing anaiysis  of topographic waves, along with sorrm sirnplc

comparisons with currcn( thin-~.t barotropic nmdcls  and previous ob.scrvaiions can lend sornc. insigh[ into the

physics of these modes. It is important, howc.vcr, to rcmcmbcr that the statistical nahuc of the study doc.s not

guarantee a physicai explanation or cause for each c.igcnnmdc., oniy that each mode is orihogonai and

uncorrclatcd with others. Thcrcforc., comparison of lhcsc rc.strlls with olhcrs is valid oniy for domains of the

same siz~, along wilh idc.nticai lcrnporai and spatiai resolutions. in addition, these spcctm rcprc.sent ordy ltrc

behavior of the CI;OF rnodcs along, the mean path of tire Gulf Strcarn.
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5. . Discussion

Although the C%(W [cchniquc scpamtcs the. var-iancc into diffcrcm[ mo(ic.s based on sta[islics and

not dynamics, the scales of molion of lhc.sc CIII)I;S  as w]] as the obsc,rvcd change in wave,-]ikc,

struc[urc  bclwcmr 67*W and 65° W can provide. some insight into what n~c.chanisms might bc

influencing the.sc long-pcrioci oscillations of the Gulf Stream. Besides [hc charrgc.s in thc wave-like

slrrrcture which occur bc.twccn  67”W anti 65°W, for CIiOI~s 1 and 3 waves longer than approxima(c.ly

1400kn] propagate wcslward whiic shoric.r waves propagate eastward. ‘1’wo possible mrxi~anisnls  wili

bc c.xarnincd to cxidain the.sc strong trends in the. 00(s. OIIC dc.ais with the appearance of the. Ncw

Fkrgiand Scamount chain in the area downstream of 67*W. ‘1’hc trcmd for iongcr wavcic.ngth  strrrcturcs

to p[opagatc,  wmtward and tilosc shorlc.r to propagate eastward wiii bc examined in the. context of a

rccc.nt thin -jc.t baro[ropic niodc.i (S C C  (lrsiln~an-RoisiIl  ct ai,, 1992) .  ]}ownstrcanl  of 65°W,

eddy/Strcan] in[cractions (SCC llaiiiwcil  and Moocrs, 1983) may aiso bc a iargc. factor in dctcnninirrg the

Stream dynamics. Thus Cl;CW’4 wiii bc examined wilh rcspxt  to the cffczt eddy/Strcan~ intcrac.timrs

downstrcrun  of 65°W may bc having on iL$ strrrcturc,

I’hc trend for ]ongcr wave.icngtils to propagalc. wc.stward and shortc.r wave.icngths to propagate

cast ward is consistent with a recent barotroi~ic tilin-~t model (Clrshn~an-Roisin ct ai., 1992). Such

mode.ls have bc~.n used in the past in an auc.nlpt to cxi~iain tiw nmrmdcring of the (iuif Stream aiong

with the in fiucncc of eddy/dctachn~cnt proccsscs on this rncandc.ring. 1 lowc.vcr, the first thin-jet

nmcic.ls (SCC Warren, 1963; Robinson and Niiicr,  1967) were steady-state and wc.rc not abic. to prc~iict

the propagation properties of the.sc rncancic.rs. ‘1’hc assumption in these modcis, that tile width of the,

Jet is much smaiicr than the radius of curvature, aiiows for the Jacobian of ti~c coordinate

transformation to a set of Stream co.ordinate.s to bc solved. Finlpioying a 1 1/2 layer rnodei, whiic

inciuding the rroniincar advcction terms and time dcpcndc.ncc, {;ushn~an-Roisirl e.i, ai, ( 1992) were able.

to dc.tcrrninc a criticai wavcic.ngth  at which ti~c. wc.s[ward propagation tcmdcncy  associated with Rossby

waves baiancc~ the eastward iwoplga[ion associated with advcction an(i tile iocai vortc.x induction
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produced by UK curva[urc of Ihc Sfrcam path. Scaling the. c..ualions with the proper parameters for a

@ like the Gulf Stream they dclcnnincd  the critical wavclcnglh  was around 1130km, Aldmugb lower

than that otwxvcd in our CHW’  analysis, it is comparable wilh ttm first and scz.ond CIiOII’s which

appear to indicate. a critical wavclcnglh  of 14(K)kn~. I lowcvcr thcm arc. .scvcrd possihlc. rc.asons for the

observed diffcrcnccs.  ‘t ?IC observed spectra from the Gxxsat al tiructcr data, twauw. of the sampl in.g mtc

of 1 point every 17 days (with a 3-day subcyclc) will bc aliascd, since rncalldc.rs arc. cncrgctic for all

Ixmiods grcatc.r than four days (see Watts and Johns, 1982). in addition the si~.c of the domain

(approximately 1500 km) is not sufficient to rc.solve these long-wavelength fluctuations. Thus the

spectra arc aliascd in both time and space., certainly influencing the calculation of the. critical

wavclc.nglh. ~’hc thin-jet nmdcl is also a 1 1/2 layc.r barotropic model (bollom layer al rcsl), unlike. thr

Gulf Slrcanl which is otmmmd to have. both a strong barotropic and haroclinic  signature (e.g., 1 lalkin

and Rossby,  1985). Considering the lack of a sufficiently long data set in both space and tirnc to

rc~olvc these mcandc.rs, as WC.11 as not taking inm account the baroclinic structure of the. Gulf Stream in

the mode.t, the. comparison bctwccn model atid otxscrva[ions is encouraging. }Ic.sides Lhc baroclinic

s[ruc[ure which is missing in the thin-jet fortllulation, it also does not take, into account k)pograptlic

c. ffczts such as those duc to the. Nc.w F.rrgland Scat[iounts. A sinlp]c. c.xarnination of the. gradic.nt of

topogmphy found in the rc.gion along with the appropriam scaling of the topographic dispersion

rc.lationshij) can lcmd sonm insight m 10 whcthc.r topography might be rc.spcmsiblc  for the challgcs in

tbc wave-like. structure observed at approximately 65”W,

From Pcdlosky  (1 979) the topographic dispersion relationship for a one-dimensional wave travc.ting

in the renal dircclion with a nic,rirfionai bottom slope is

(1)

whcrw

f.= the Coriolis paranictcr  at approximately 40°N



D=- approximate dcpttr of the water column

. .

‘ay
iS thC S]O~. Of tk bOttOrIl tOIK)~raphy

k is the zonal wavcnumbcr.

In lcnns of the gcagraphic  lccalion of the.sc seamounts  relative to the mean path as dc.te.rrnincd by

avc,raging the. balhymctry in a 100km x 100km square box spanning the nwan path of the Gulf Stream,

Fip,rrrc 15(a,b) was ploltcd to illustmte the in flucncc of the. Ncw llng]and ScamounLs  in the given area.

I~igurc 15b was gcncratcd  by doing an avc.rtiging  a[ the 0.S longitudinal dc.grcc. intervals. }/or this give.n

rcsohrlion,  the plot clearly indicates a change, in the. gmdicnt of the balhymctry observed at 67” W. I JUG

to the symmetry of the Ncw }inglan(l !karnounts, onc may awumc lhat the along-Strcani gradient is

reprc.scntativc of the. meridional bcmom slope. From Figure, 15 the change in bathyrnc.try  bctwccn

67*W and 65° W is approximate.ly ?000 meters while the along-stream distance is 170kn~ giving a

seal ing vahrc of 0.01 for the nlcridional slope, At 40°N the C?oriolis term is equal to 1.5C-S/SCC.  I’hus

the infhrcncc of topography wrhcn compared to the Dcta tr.rm (in the barotropic sense) can bc dc.rived as

f. i)hb
i) ‘jy ‘-\ ~, which in this case is on the or&r of 10. However, the. importarrcc of the bar-oclinici[y

of the Stream can kc seen in the dispersion relationship where, for a wavelength of 1.SOOkm, the derived

frequency from the barotropic  dispc.rsion rctationship  in (1) is on the order of 10 cycles/year, higher

than our observed frcqucrrcy of 1 cycle/year. qhus, although topography might have an effect on the

ob.served wavc,s, stratification and the. baroclinic structure of the Strcani could bc very important,

cspc<.ially in the first thrc.c CllOFs  where, the. annual cyc.tc. is dominarw }Iowcvcr, as long as the.

wavchrgtr  is greater than the internal Rossby  radius of dcfornla[ion  lhc effect due. to stratification is

nlinimal (Pcdlosky, 1979). In addition to this sin]plc scaling analysis lhcrc is cvidcncc  for the Gulf

Stream not king critically c.ontrollc~i topographically by the Ncw I~klgland Scamount  chain, Pratt
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(1989) shows that, for upslrcam wave propagation upslream of the Ncw England scamounl chain, the.

path cnvclopc width should dccreasc downstream of the topographic irrflucncc.. }]owever,  there is no

evidence suggcs[ing that this is the case in the. Gulf Stream, which is known to wide.n as it goes

downstreani (see (:onlillon,  1986).

An important point LO bc made is that the w’avcr]L]r]~k.r-frcqucllcy spcztra indicate an average

spectrum over the spatial domain. q’he.y give. no information as 10 spatially where the eastward or

westward propagation is occurring. Such information may bc derived from the longitude time-plots

(1’igurc. 13). For the first C[iOF’ cas[ward propagation is i&ntifiablc  dowrm-cam of dm seamounts,  but

not upstream. I“hc. second (X+0]:  appears to contain both wcslward and eastward phase propagation

u]mtrcarn of Lhc seamounts  and castvmrd propagation downstman~ of the. Scamount.s. ‘Ihe proj)agating

spcc[rum of this CF,OF (Ijigurc 14(c,d)) indicates no westward propagation, but the. stationary s~wtlrum

contains 70% of the crwrgy, indicating that westward propagation may bc idc,ruified within the, context

of a standing wave. pa[lcm.

Although the first three CEOI;S arc cncrgctic over the entire domain of study, the fourth CHC)F is

different in thal a significant pcrcmtage. of its variability is conccnkatcd  downstream of 65”W. ‘l”trc.

spatial pattcm of the C!F,OIF (.WZ I;igurc 11) indicate.s that the, variability is concentrated in an area

which is known to bc associated with eddy/Stream interactions (sex Richardson, 1980; }Ialliwcll  and

Moocrs, 1983). It is worlh comparing the. propagation propcrlics  of this rnodc with models of ~hc

Gulf Stream which reproduce intcrtic[ions of eddies with lhc Stream path.

‘1’hc westward phase propagation observed in (.1;01; 4 is characteristic of Gulf Stream models

where the Stream is trcalcd as a potcrrtial vortici(y front and cddic.s as Poinl vorLicitics.  Such a model

used by Stcm and Flicrl (1987) produced a retrograde propagation (with respect  to Gulf Stream) of

2.5knl/day. T?ris is smaller than the 4 km/day phase speed c.alc.ulatcd using cp=~ , where. o) and k arc.

taken from [hc propagating spectrum to bc 15.7 radians/year and 0.01 radians km”], rcspcctivcly.  “l”hc.

discrwpatlcy could indicate, thal if eddy/Slrcam interactions are. rcslKmsib!c for the. structure. of this

CliOF,  displaccrmms in the, Stream do not propagate a[ the .sarnc speed as the eddies. Howcve.r, the
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4 kn~/day pha.w. spc.d dots compare WC.11 wilt) an avcqc propagation spmd of 5 kn]/day calculated by

Richardson (1980) for eddies in this area. Nonclhclcss,  as pointed out by Ste.nl and F’licrl (1987),

wcsl ward propagation is oh.served during the. cdd y/dctachnmrt prcmss. ‘1’his, along with ob.scrvations

by }Ialliwcll and Moot.rs (1983) of eddy/Strc.an] inumrclions downstream of 65°, indic.alc.s the

possibility of the. fourth CF,C)17 mode. being influcnmd by such events.
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6. Conclusions and Summary

tlsing the. technique of Cornplcx Iimpirical Orthogonal Functions (CFiOIJ) in the Gulf Stream

rc.gion bctwmr  35°N and 43” N, lhc. variability of sca lC.VCI was separated into uncorrcla[ed  and

orthogonal propagating mocks. ‘l’he firsl four complex empirical orthogonal modes in t.hc area bclwccn

35°N and 43” N and 75”W m 60° W were found 10 bc statistical] y significant at the 99% ICVC1 of

confidcmcc.  Ttrcsc four mocks accounted for approximately 60% of the variability. In all ca.scs, some

t ypc of dcftcction or change in the observed wave-like patlcrns was evident bet wccn 66”W and 63° W.

q?re. dcfteclion in the wave.-likc paucms in an area downstream of 67°W is Ioca[cd where the mcamkring

of the Gulf Stream should bc inftucnccd  by the Ncw I{ngland Sc,ammrnls, A simple scaling of the

barotropic topographic dispersion relationship indicates tha[ the topographic c. ffcxt is as large. as the

Ma effect. Since the scaling argument was based on lhc. barotropic formulation, a conclusion about

the relative importance of the bcla and topographic terms in a barotropic  sense indicates only thal

topography could bc in]portani, with slrati fic.alien dczreasing the importance of the topographic tc.nn,

Ihc re.lc.vant space.-tirnc scales and Impagation propc.rtics  of the firsl four n~odcs were i&ntified  by

applying two-dimensional wawmumbcr-frcqucmcy  spcxml techniques to sl~a[ially sub.sanip]cd longikrdc-

tinlc plots. ‘l?rc first and third rncrdcs were, asw.iatcd  wilh both wc.slward  and eastward propagating

waves. ‘Ilrc wcs[ward propagation associated with the first mode has a wavclmrgth  grcatc.r than 1400km

at a frqrcnc  y of 1 c yclciycar. 2 ?rc phase speed of the westward propagating wave was calculated to bc

approximately 5km/da y. A shorter -S00 km wave.lcnglh componcru propagated cast ward at 1 cycle/year.

Variance in the sc<oud CM)}; was duc to both cmtward  propagation and standing wave, activity ovc.r a

broad wavenumbcr  band bctwccn 1400 and 300kn] and a frcquc.ncy ccntcrcd at 1 cycle/year. I“hc third

CW,OF was simitar in structure to the first cxccpt tha( it was associated with a highc.r frequency bclwccn

1.5 and 2.0 cycle/year. The trend in the first and third CTiOIk for Iongcr wavelengths to prc)paga[c.

westward and shorlc.r ones eastward is c.onsistcmt with thin-jet mode.]s which indicate, a critical

wavclcnglh of 1130. 3’his critical wavclcnglh is a measure of w’here the tendency for westward
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propagation duc to Rossby wave, propagation is balanced by h tcndcmy for caslward propagation

associated wilh advcctiorr  and a local vortc.x induction duc to the curvahrre of the Stream path.

‘1’hc fourth CROIJ is unique in [hat its variability is contained in an area downstream of 65”W. The

spatial paucrn of this CliOI~ is indicative of possible cdcly/Slrcan~  inlc.rac[ion as a contributing

mechanism to its structure. ‘Ilrc phase spc~d of 4kn]/day is consistent wilh earlier results of cddy

propagation spwds. However, dirc~{ comparisons arc difficult bccausc there is no thcorc.[ical cvidcmcc

to suggest that displac.cme.nts of the Stream palh due. to possible eddy/Strc.am interactions propagate. at

the same sped as the. eddies.

~“hcsc  rcsulls point OUI that even at long tinlc .scalcs, the rcsporrsc of sca ICVCI in the arc.a of lhc.

Gulf Stream is most like.ly duc to scvc.ral factors. Although the scales of motion discussed in this

research approximate those of an annual baroclinic Rossby  wave, [hc cornp]cxity  of the (iulf Strcarn

duc to nonlincaritics and topography make direct mode.1/observation comparisons difficult.

‘llrc CIiOIJ te~hniquc has prove.n to bc a valuable tool in filtering out the long-period spatially

corlclatcd signal. As a next step in this rmcarch, it would bc u.scful LO run sir[iilar CY~OI~  analysis on

global eddy resolving ocean circulation models in the area of the Gulf Stream (.scz Malanottc-Rizzoli ct

al., 1990; Thompson cl al., 1990). As a first step the domain of the study nc~ds to bc cmlarged to

adcquatc,ly  resolve tbc 2000km wavclcngtb  asscwia[c.d with the first CIiOF’. l’his could provide sonm

insight into the. physics of this first mock.
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FIGURE  CAPTIONS

1. Ground tracks for ascending Cicmat  pas.scs in the Gulf Stream.

2. CMnulativc  percent variability cxplaintxt by c.onlplcx empirical orthogonal mode

versus mode #. C)nl y first 15 mcxks arc shown.

3. }listogram and c.umulativc Perccnlagc of all c.igcnvahres grealcr than 3.0 for 100

simulation runs of CEC)F analysis using a Gaussian random nurnbcr gcmcrator.

Approximately 761 such cigcnvalucs  wc.rc idcntifiicd.

4. (a) Temporal amplitude for first CI1OI’. Arnplitudc values have bum divi&d  by the

square rool of the total number of grid locations. Time axis is in days from January

1, 1985. Resolution is 1 point every 10 days.

(b) Temporal phase for first CHOP. instantaneous slope is a measure of the frcqucrrcy

al that instant in time.

5. (a) Spatial amplitude for first CIiOF.  Spatial amplitude has been multip]icd by the

square root of the total number of grid locations. I.ocal highs arc marked by the Iettcr

“H”, Resolution is 4 points per degree of latitude and longitude, Contour interval is

0.5.

(b) Spatial phase for first C130F.  Instantaneous slope is a measure of the wavc-

numbcr at a given grid location. Shaded arem arc examples of where the spatial

amplitude is high,

6. (a,b) same as Figure 4 except is for .sccond CE;OF
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7. (a,b) same as F@rc 5 cxcepl is for word CMX’

8. (a}b) same as Figure 4 c.xccpt is for third CI;OI’

9. (a,b) same as Figure 5 e.xccpt is for third Cl;OF

10. (a,b) same as Figure 4 except is for fourth CZOF

11. (a,b) same as Figure 5 cxcc.pt  is for fourlh C}{OF

12. Ilustratcs 180° spatial phmc diffcrcncc awociak?d with removal of mean .scxi  ICVC 1

across the !kcam.

13. (a) Longitude-time contour plot for time series of first CYIOI”:  averaged and sukamplcd

within a 100kn~ x 100kn\  box along the. mean path of the Gulf  Stream. Contour

interval is 5 cm, Dashed lines indicate negative sca lCVC1 rCSidUa! vahrcs while solid

lines indicate positive values. Temporal resolution is onc point every 10 days while

spatial resolution is 2 poinL$ every dcgrcc of longitude. Slope of .scdid  line illustrate.s

spmd and dircztion  of propagation of the wave.

(b) same as (a) cxczpt  for second CliOF’

(c) same as (a) cxccpt for third CWOF

(d) sarnc as (a) except for fourth CX;OF

(c) same as (a) cxccpt for unfiltcrul data SC( and contour interval is 20 ccntimctm

14. (a) Wavcnumbcr-frequency spectral p]ols for firsl CliOF showing the propagating

variance in cn~* *2. FAch ~stimatc is associa~cd with 18 dcgrccs of freedom.



Positive values  or solid line indic.atc.s westward propagating variance and negative or

dashed line indicates eastward pmpaga[ing  variant.c.

Vertical lines arc indica[ivc of c.hangcs in the direction of propagation.

(b) Stationary variance in cn~**2 for first {:EC)}’. Contour  interval is 0.25 with each

c.wimatc associated with 18 dcgrwx of frcakxn.

(c,d) same as (a,b) except is for second OK)J’

(e,f) same as (a,b) except is for third CliOJ’

(g,h) same as (a,b) except is for fourth C%OP

(ij) same as (a,b) cxccpt for unfiltered data set

14. (a) Gulf Strcarn mean path, a~ derived from NOAA AV}IRR  charL$ for the same period

of time as the Gcosat J3RM,  superimposed on bath ymctry. Black solid line is the

mean path of the Gulf Strcanl. Bathymc.try  is contoured at 500 mc.tcr intervals at

a rwolution of 12 points pcr dcgrcc.

(b) Bathymctry from (a) averaged within a 100kn) x 100kn~ box spanning the mean

path of the Gulf Strczun at intervals of 0.5 &grms  of longitude.

15, (a) Mean path as derived from NC)AA charL$ superimposed on bathymctry contours

within the study area.

(b) Average depth within a IOOkm x ICKlkm box spanning the mean path of the Gulf

Stream. CWarly indicates change of gradient at approximately 65W.
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